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MECHANICAL PROPERTIES AND MICROSTRUCTURE OF
THERMOMECHANICALLY PROCESSED, HIGH

MANGANESE STEEL 4

J.F. Chilrlla
U.S. Army Research Lb.

Watertown, MA

Abstract 1,090*C for I to 2 hours followed by a water quench. One
disadvantage, often addressed by developmental efforts, is the

Thermomechanical treatments (T'frs) were performed on an relatively low yield stress in the soft solution treated condition
austenitic Fe-12.5Mn-2.0Mo-1.15C Hadfield steel to achieve a [2,51.
material with high strength and resistance to plastic Hadfield steel is known to deform mainly by slip and
instability. Mechanical properties were evaluated by tensile twinning [9,10]. Under dynamic conditions, high stresses and
deformation; microstructres and deformation modes were strain rates tend to favor twinning over slip [6]. At high
evaluated by optical or electron microscopy. Solution treated temperatures the kinetics for twinning in austenitic steels are
16-18 Rockwell C hardness (HRC) material was warm rolled favored over those for strain induced marensitic transformation
to a hardness of 39-53 HRC. During tensile deformation, [11,12,13]. Furthennore, a recent study by Adler, Olson, and
strain hardening occurred with increasing loads and high Owen [131 has modeled strain hardening behavior of Hadfield * *
uniform elongations to ultimate strengths equivalent to 56-57 steel in much the same manner as the strain induced
HRC. Microstrctures and deformation modes resemble those martensitic transformation in other austenitic steels. Olson
attributed to austenitic steels and other face centered cubic [121 suggests the low temperature sensitivity of twinning may
alloys with low to moderate stacking fault energy. be more applicable to high strength steels utilizing the TRIP
Deformation was localized within grains in a orientation phenomena. Such a steel could provide high strength from
dependent crystallographic manner, often concentrated within prior thermomechanical treatment (TMT). During deformation
bands consisting of slip and twinning. Substructures and in service, strain hardening could continue to high strains S
microcracks were often restrained to grain size scale. without plastic flow instability or fracture.

A material with high levels of strength and hardness,
with a high capacity for work hardening over wide ranges of
temperature, could provide resistance to failure modes related to

AUSTENITIC, FE-MN-C HADFIELD STEEL [1-3] strain flow localization or plastic instability under dynamic
hardens to large plastic strains without plastic instability or conditions [14-16]. This material could provide a superior
fracture [4] over a wide range of temperatures. The exceptional armor material that may resist the thermoplastic shear
toughness, work hardening capacity, and resistance to high instabilities that lead to a loss of load carrying capacity during
stress abrasive wear of Hadfield steel has benefited the mining, ballistic penetration [16].
mineral processing, earth moving eqwpment, and railroad Consequently, the purpose of this experimental study is
industries for over a century. Recently developed austenitic to apply a warm (near the recovery temperature) roll TMT
manganese alloy steels also serve in cryogenic and non- [17,18] to obtain a high yield strength, a high rate of strain
magnetic applications for the power generation, transportation, hardening from slip and twinning, and a high threshold of
and nuclear industries [5]. plastic instability and fracture. 0

The standard solute composition ranges of Hadfield steel 0
include 11.00-14.00% Mn, and 1.05-1.35% C as specified by Background. Although studies investigating
ASTM A-128 [2]. Mo-modified Fe-12.5Mn-2.OMo-I.15C microstrctures and strain hardening of austenitic Fe-Mn
Hadfield steel retains the toughness and strain hardening Hadfield steel have reported strain induced hexagonal close
behavior of the standanr alloy, avoids microvoid coalescence packed (HCP) e martensites [9,19], most recent studies
fron detrimental cabdde structures [2,6], and when [9,10,13,20] associate strain hardening mainly with stacking
decadbizd, resists embriulement through avoidance of large faults, dislocations, and deformation twins. Martensitic des
amounts of stain induced martensite [7,8]. The normal transformations generally are not believed to occur
method of processing is a solution treatment at 1,0000C to significantly in steels with the Hadfield steel composition even jr
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at low temperatures [1-3,7,9.10,13,20]. The hardness and particular condition. The effects of TMT on microstructre as -
strain hardening mechanisms of Hadfield steel have been related a function of increased temperature or effective strain were
to total defect density [9,17,181, strain aging or pinning of observed by optical microscopy. This trend analysis revealed
dislocations [9,20], and the grain refinement of the austenite the evolution from the more simple to the more complex
matrix by deformation twins [10,13,211. Many studies microstructures. The more complex microstructures result
demonstrate that the behavior of Fe-Mn alloys that contain from higher strains and temperatures-the TMT conditions I
interstitials is dependent on thermally activated mechanisms that would more likely result in the high strengths of interest.
that influence slip and twinning [3,20,22-25]. A recent study Tensile tests were used to determine values of strength and 4
[ 13] theoretically related hardening to interstitial atoms trapped ductility before and after TMT. TEM and optical microscopy
during twinning-similar to lattice distortions of BCT of warm rolled and strained in tension material, identical to
martensites. The above studies have resulted in controversy, that as observed after TMT, was used to characterize the
so that the strain hardening mechanisms of Hadfield steel are material.
not yet fully understood [5,13,20,21]. Fracture initiation of a representative failed specimen was

studied in profile by optical microscopy and by surface
Materials, Approach, and Experimental examination with scanning electron microscopy (SEM). Th

Procedure analysis provided information about plastic instability and
fracture.

Materials and Approach. Material for the study Procedure. Two tension specimen sizes were used
was prepared from an argon oxygen decarburized (AOD), depending on bar length: (1) 0.572 cm gage diameter, with a
continuous cast, 75 mm diameter ingot. The chemical reduced-section length of 3.175 cm; or (2) 0.406 cm gage
analysis of the alloy (see Table I) meets ASTM A128-E2. diameter, with a reduced section length of 2.54 cm.

Percentages of elongation were obtained from gage lengths that
Table I. Chemical Analysis (Weight %) had a 4 to I gage length to diameter ratio geometry.

Tension tests were conducted to fracture at 230C at a
Mn Mo C Si Cr Al P S constant cross-head speed of 0.051 cm per minute. 0

12.5 2.01 1.15 0.73 0.33 <0.05 <0.03 0.001 Engineering strains were recorded by extensometers up to 0.06-
0.12 strain, and from then on were calculated from cross-head

Figure I outlines the processing procedure. Because the displacement readings. The tue stress-strain values recorded at
microstrutures of warm rolled and strained in tension material maximum load are trie uniform stress (an) and true uniform
are likely to be complex and difficult to interpret, the strain (eu) [4]. Knoop (500 g) microhardness tests of tensile
experimental procedure included observations of material specimen sections deformed in uniform strain verified and
deformed to low strains. correlated strain hardening to values of equivalent ultimate 6

tensile strength and Rockwell C hardness (HRC). Carbon
Fig. 1 Processing Procedure. analysis of tension specimens by the LECO combustion

method and lattice parameters [26] obtained from X-ray
Initial condition: 75 mm din, AOD continuous cast ingot. diffraction revealed that no significant decatburization had

occurred during processing."* Prepare: Austenitic, Solution Treated Bar Optical metallography included material from tensile 0
(Reference material) specimens and bar sections oriented perpendicular to the rolling

(a) Forge, Solution treat 1030 OC 1 hr., Water quench plane and parallel to the rolling direction (longitudinal

"* Prepare: Austenitic, Bar Stock for TMT transverse). After mechanical polishing, specimens were
(a) Rough forge bar, Water quench, electropolished with a solution of 80 grams Na2CrO4 in 420
(b) Paint with ceramic, Soak 1,1200C 20 hIs, Water quench ml of glacial acetic acid, at 30-36 V for about 2 to 3 minutes
(c) Finish forge 1,0400C. to 3.56 x 2.23 cm bar at 23°C [27]. Specimens were electroetched in sodium
(d) Sol. treat 1 hour at 1030-1040C, Water quench chromate-glacial acetic acid solution at 5-10 V at 230C for 5-
(e) Condition bar (l,wt) to 8.1-8.9 x 3.38 x 1.96 cm 10 minutes, or in 10-20% HCl-methanol at 4-6 V for 4-15

"* Warm roll TMT seconds.
(7-15% Reduction/pan, electric furiace, in air) TEM specimens were prepared from grip and gage
TMT Temperature. 343,400, 454*C (see Table 11) lengths portions of a tensile test specimen. The TEM

specimen blanks were cut perpendicular to the roiling direction
Solution treated material was strained in tension to by a low speed saw, then carefully ground to approximately 0

fracture to observe the strain hardening behavior and 125 IL thickness. TEM foils were prepared with a dilute
mechanical properties. A section taken from the gage-length/ perchloric acid solution in ethanol, butoxyethanol, and distilled
shoulder section was examined by optical microscopy. This water in a twin jet electropolisher at 30 V and -30 0C.
examination revealed the initial structures formed at low
strains, to serve as a reference for more highly strained, Experimental Results and Discussion
complex microstrutures after TMT and TMr followed by
strain in tension. Microstructures of Solution Treated Material

Warm rolled material was examined by transmission after Strain in Tension-FCC Slip and Twinning.
electron microscopy (TEM) to provide information about Like Hadfield steel, other FCC alloys (Cu-8A! [28], and Cu
substructural deformation and hardening mechanisms at one [29] or Ag alloys [301 at low temperatures) of low to moderate
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stacking fault energy (SFE) deform by slip and twinning. Tension Test Results--As Solution Treated
Awareness of the slip and twinning modes in single crystals of Material. Engineering stress-strain (s-e), and true stress-
these alloys in tension may help to interpret the strain (o-e) curves for the Mo-modified solution treated
microstructures of Hadfield steel. Hadfield steel of this study (see Figure 3) are similar to

The initial orientation to load axis determines whether previous results [1.3,13]. Deformation to high values of
single or multiple modes of deformation systems are first uniform strain occurs with increasing loads to the onset of •
activated [6]. Slip and more cellular kinds of dislocations plastic instability, necking, and fracture. The equivalent true
predominate around <001> orientations. Elsewhere, stress-strain curve, drawn only to true uniform strain eu, 4
deformation modes may include more planar slip and twinning demonstrates a region of increasing strain hardening rate
on primary, conjugate, cross, and critical systems [28,29]. (do/de) with upward curvature, reported previously to be
This orientation dependence of structural development can also analogous to strain hardening phenomena of Transformation
be present in polycrystalline material at low strains since the Induced Plasticity (TRIP) [12,13]. 0
compatibility strains are small and critical stresses may not be
initially achieved for all potential systems [28,29,31]. Since
cross slip and recovery is limited in these alloys, the initially True
formed microstructures may persist to high strains. 300

The experimental microstuctures of an as-solution 20003
treated, tension specimen after a small amount of strain is
shown in Figure 2. The amount of true strain of this gage-
length to gage-shoulder section is estimated among 0.03 to
0.08, by comparison to a previous study of stress-strain 200
behavior [ 13]. The appearance of several grains suggests twins • Engineering
may form along primary, conjugate, and cross slip systems 10,00--- ..-
[28,29]. Particular twins that appear to be unaccompanied by
glide suggest a twin mode of deformation that is less dependent 10
on slip [32,331. Grain boundary inclusion features observed in °-
Figure 2 are characteristic of the electropolishing of
undissolved carbides.

200 i.... .. ... ... ,....
si 0.00 0.20 0.40 0.60 0.80 1.00 6 *

STwinsStrain
- ~~Deformation Twins ta

/ Fig. 3 Engineering s-e to fracture, and true G-E curves in tension to
uniform strain (c.u) at maximum load. True strain beyond maximum
load is not shown. Material solution treated
1 hr. at 1,030-1,0400C.

Effects of Thermomechanical Treatment
Annealing T Temperature and Strain on Hardness. Table II lists

the HRC values as a function of warm roiling temperature,
Multiple Si effective strain (Ee), and equivalent reduction of thickness

and Twimnng (RT). Hardness increases from the initial 16-18 HRC with
increasing TMT strain, and decreases slightly with increasingTMT temperature.b

Microstructures after Thermomechanical
Primary Slip Treatment. Substructures examined by TEM revealedany Slj dislocations and twin structures. After 0.46 Ee TMT at 4540C,

a w g the substructure in a region of a particular grain (see Figure 4)

rconsisted ofdislocation tangles [a17,18. A different grain of
this specimen (see Figure 5) deformed mainly by twinning and
slip [34-36].

Material warm rolled at 454°C (see Figure 6) likely

contains deformation bands composed mainly of slip and twin
structures, as suggested by Figures 4-5 and previous studies

Fig. 2 Microstructural response in tension of solution treated, [27-291. The number of deformation bands in each grain are
Fe-12.5Mn-2.0Mo-l.15C Hadfield steel. The structure includes dependent upon orientation to the load axis. At low 0.29 and
primary and secondary deformation twins. Annealing twins from 0.46 effective strains, the deformation bands are relatively
recrystallization are also shown. Low strain, gage length-gage more distinct than after 0.75 ce or where band width increasd.
shoulder region (0.03-0.08 c). HCl etch -30 0C. The numbers of the bands increase with increasing strain
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among these samples. The numbers of the bands decrease, and
the bands become more broad and indistinct, with increasing
TMT temperatures for nominal 0.75 ee at 343, 399, and
4540C.

The broader, less distinct appearing bands, and a
corresponding decrease in hardness for the higher TMT
temperatures (see Figure 6 and Table II) is consistent with a
greater probability for thermally activated mechanisms to
assist slip and recovery. The fact that the warm rolled
structure contained dislocation tangles (rather than recovered
cell structure) is consistent with a limited amount of recovery
that allows a high dislocation density and strain hardening
during TMT (17,18].

Table 1I. Warm Roll TMT Hardness Values

TMT Thickness Eff. Strain Hardness Fig. 5 (a) Microtwin substructure formed after 0.46 ee TMT at
Temp. Reduction 454'C. Bright field image.

(OC) RT(%) ee HRC

3430 41 0.57 48.7
*49 0.73 51.0

58 0.93 53.2

3990 38 0.52 47.2
*48 0.70 49.5

54 0.85 51.0
59 0.96 52.0

4540 23 0.29 39.1

*35 0.46 45.3
*50 0.75 49.7
"*61 1.00 52.2

* 0
*Tension Specimens Tested (see Table III)

Fig. 5 (b) Electron diffraction pattern of (a).

%

0*1$

% 0, Z

% % 0

i Fig. 5 (c) Predicted pattern for matrix (M) and twinned material (T)

Of (b), [1 10]M and [i00T normal to foil. consistent with twinning
rotation 1800 about the [111) direction 134-361. Not shown is the
dark field rulcrograph imaged from the reflection indicated by the
beam blocker.

Fig. 4 Substructure exclusively composed of dislocation tangles A previous study of Hadfield steel [201 reported ark
suggests that limited amounts of recovery maintained high asneo eomto wn omdi eso tqaisaldislocation densities and strain hardening during experimental abecbfdfraintisfrmdi eso tqaisal
0.46 Ee TMT at 4540C. Imaged with fl110] zone axis. This zone rates at temperatures exceeding 2250C. However, material in

axis is parallel to the roll direction and is out of the plane of the this study deformed with high strain increments up to 4540C
paper. by twinning and slip (see Figures 4-6).
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Fig. 6 (a)-(c) Structural response as a function of effective TMT Fig. 6 (d)-(f5) Strctural response as a function of TMT temperature

strain (ce) at 454*C. The number of twins increase with increasing at 0.70-0.75 Ee. Structures are more broad and indistinct at higher
strain. (a) Structures in lower-left region suggest twin bands (see TMT temperatures suggesting an increased ability for slip.
Fig. 2 and 1321). After 0.29 Ee, structures remain somewhat Sodium chromate, acetic acid electrolytic etch.

discrete and crystallographic. (c) At 0.75 Ee structures are more That the amount of recovery is limited, and slip and
broad and indistinct, suggesting twin growth. top and bottom. tinn cu pt bu 5*,i ossetwt h ag

Sodim cromte, cetc aid tch avos carsetwis [71.temperature ranges and high strain rates where austenitic
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I)

Fe-Mn slip-twinning alloys demonstrate superior strength,
toughness, and ductility [2,9,13,23,25,37]. 2000 0.73 at 343 °C 0.0 at 399 °C 300

Previous references or studies [13,20.27] often interpretHadfield austenitic steel structures simply as twins. The •-
observations of this study suggest many prominent striations 6
in deformed solution treated material resulted from twinning X)
along slip systemns--primary or conjugate twinning [28,29]. 200
A mode of deformation by a twinning mechanism less T mp
dependent on slip may relate to the twins or deformation bands Te
that were unaccompanied by crystallographic glide (see Figures 1000
2.6 and [32,33]). .

When slip precedes or accompanies twinning, thermally -100
activated mechanisms [6] may control the rate or extent of .S
twinning by limiting the nucleation, growth, or w
accommodation of twins. Therefore twinning is not likely to
be a strictly temperature insensitive deformation mechanism-
particularly in FCC Fe-Mn interstitial alloys [23-25]. 0 , F 0

0.00 0.10 0.20 0.30
Tension Test Results-Warm Rolled Material. Engineering Strain

Tensile engineering stress-strain curves, plotted to fracture, are
shown in Figures 7-8. The engineering curves show that loads Fig. 8 Engineering s-e curves to fracture as a function of TMT
increase to high strains before the onset of plastic instability temperature at 0.70-0.75 ce. TMT temperature has little effect on
associated with necking and fracture. Strength increases and strength but a somewhat greater effect on uniform strain.
uniform ductility decreases with increasing amounts of TMT
Ee (see Figure 7) for the nominal 4540C warm rolled Microstructure of Thermomechanically
conditions. Strength decreases slightly with increasing TMT Processed, Tension Tested Material. When examined
temperature (see Figure 8) for the approximately 0.75 ce warm by electron microscopy, material rolled 0.46 ee at 4540C, then
rolled material, consistent with the hardness results of Table II. strained in tension an additional 0.27 Cu, revealed numerous
The values of the true local necking strains, (en) [4], for this deformation band and crystallite strucatrs of varied
material were low even in the solution treated condition. morphology that ranged in thickness from 100 to less than 5

Table III lists the average data values of two specimens nm. Particular substructures (see Figure 9) like the grains
by engineering and true stress-strain. All true uniform tensile themselves, include crystallographic primary, and secondary
stress values of warm rolled material exceed those of the deformation systems and local shear displacements. Crystallite 0
solution treated material. The greater tensile ductility for structures shown in Figures 9 and 10 suggest the possibility
warm roll temperatures of 399°C and 4540C suggests that that twins or martensites may form within, or as, fine
TMT may be more beneficial in maintaining toughness in deformation bands at high strains in the warm rolled condition
Hadfield steel than cold working to an equivalent hardness. [25,38,39,40]. Crystallite substructures may also form by

dynamic recovery and recrystallization [14,32,41-44].
An X-ray diffraction scan of material with 0 .4 6 Fee at

-300 454°C + 0.27 Cu in tension failed to reveal any strain induced
2o000 1.00 martensitic phases.

-0.75 Optical microscopy (see Figure 11), clearly revealed
0.46 structures formed by orientation dependent deformation modes

within grains. Although this structure was etched at
-200 approximately -30 *C, no significant differences were observed

on other specimens etched at 23°C. Precise interpretations of
highly strained microstructures are difficult since the structures

1000 are dependent on load axis, compatibility requirements within
a. grains or deformation bands, and specimen orientation [31]..TMT Strain at 454 C 100 Microscopic shear bands (deformation bands) in general,
.1 describe planar regions of inhomogeneous strain concentrated"-S by discrete mechanisms such as slip, twinning, or martensitic

L5 transformation. Slip dominated varieties may form in low to
moderate SFE alloys after hardening by the initial slip and

0 .... ................ 0 twinning deformation mechanisms [32,42,43]. The shear band
0.00 0.10 0.20 0.30 0.40 structures in low to moderate SFE alloys are complex and

Engineering Strain include dislocations, slip bands, stacking faults, mechanical
twins, and subgrain or crystallite substructures of matrix or

Fig. 7 Engineering s-c curves to fracture as a functioi. of TMT martensitic material [32,39,40,43-46].
strain at 4540C. Strength increases, but uniform strain in tension The appearance of most banded substructures that were
decreases with increased TMT strain, observed by optical microscopy suggested crystallographic
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dependent deformation modes of slip and twinning along hardening of the active mechanisms can occur after shear bands

primary, conjugate, and cross systems (see Figure 1 I-left, and crystallite variants form on secondary deformation

right; and [27-29,43,441). Other substructures shown (see systems, again a hardening effect like that of grain refinement

Figure 11, center) suggest they are deformation modes [10,43,451.
possibly formed by mechanisms of slip or strain induced W
martensite [32,39,42-441. 0.20

0.21) 4

Fig. 10 Substructure following 0.46 Ee TMT at 4540C and 0.27 Eu

Fig. 9 Substructure following 0.46 ce TMT at 454 0C and 0.27 Eu in tension at 23"C. Blocky crystallite substructures within bands

in tension at 23°C. indicate possible strain induced BCC martensite. The
substructures within bands and the areas bound by bands suggests

Previous studies report that the mechanisms active in the formation of mosaic structures and texture development [36].

individual microsize shear bands that undergo structural
transformations or recovery initially provide a local softening The present TEM and optical microscopy results ( see

or a reduction in the rate of local strain hardening [42,43]. Figures 9-11) suggest, but do not conclusively prove, that

Other examples of softening effects are the local strain microsize shear bands are capable of replacing the initial slip

hardening rate reduction from primary slip-twinning and/or the and twinned structure by either slip, twinning, or strain

softening from conjugate twinning [28,29]. Martensitic induced martensite. Therefore twins and twin bands may not

transformation of single crystallite variants in shear bands can alone have provided a dominant deformation and strain
provide easy slip between the initial and transformed structure hardening mechanism after TMT.
[451. Substructures of some crystallites in single phase alloys Microscopic shear bands in low to moderate SFE alloys

that are aligned with preferred orientations suggest they may act as deformation modes and may be constrained to grain-

initially are easy paths for dislocation glide [43]. Strain size scale (see Figure 11 and [14,32,42-44]). Constraint of

Table III. Tension Test Results as a Function of TMT**

TMT TMT 0.2% Y.S. U.T.S. ef El. R.A. 0 u Eu Of Cf En

T (°C) ce (MPa) (MPa) (%) (%) (MPa) (MPa)

* * 451 1,140 0.89 77 51 2,087 0.63 2,080 0.69 0.06

454 0.46 1,154 1,653 0.32 28 27 2,155 0.26 2,176 0.30 0.04

454 0.75 1,404 1,794 0.22 23 20 2,160 0.18 2.218 0.23 0.05

454 1.00 1,587 1,900 0.18 16 17 2,216 0.16 2,237 0.17 0.01

454 0.75 1,404 1.794 0.22 23 20 2,160 0.18 2,218 0.23 0.05

399 0.70 1,400 1,814 0.22 22 20 2,172 0.18 2,222 0.22 0.04

343 0.73 1.456 1,821 0.18 20 16 2,128 0.16 2,143 0.18 0.02

solution treated condition. CFu = true uniform stress = (P/Ao)(l+e), P = load.

Ee = warm roll effective strain. -u = true uniform strain = ln(l+e), Af = area at fracture.

7 = warm roll temperature. Of = true fracture stress = P/Af, d = initial and final

ef = engineering strain to fracture. Cf = true fracture strain = 21n(do/di). diameter.

e = engineering strain to max. load. En = true local necking strain = (Ef - Cu).

El. = % elong. of 4/1 length/diameter.

(**Data is a- .-rage of 2 specimens. Mean averages & standard deviations of specimen variations: UTS: 22, 17 MPa; eof 0.143. 0.01.
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Fig. 12 (a) Fracture initiation region is distinguished hy mixed mode intergranular grain boundary decohesion and transgranular
microcracking. Final fracture region indicates catastrophic transgranular shear, mainly independent of (lecohesion and microcracking
along grain boundaries or shear hands. Condition: 0.75 Ve TMT at 454 C + 0.19 ru in tension at 23'C. Nital 110' aftema~ing etch
1271 reveals general structure,
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tested specimens revealed similar but varied amounts of 9. Roberts, W.N. , Trans. Met. Soc. AIME. 230, 372-377
decobesion and/or cleavage mechanisms. Cleavage-like (1964)
fractures (see Figure 12 b) along stepped and planar surfaces 10. Raghavan, K.S., A.S. Sastri, and M.J. Marcinkowski,
correlate to crystallographic features. A first example Trans. Met. Soc. AIME, 245. 1569-1575 (1969)
demonstrates facet-like cleavage with a fracture surface oriented 11. Remy, L. and A. Pineau, Mat. Sci. Engr.. 28, 99-107 (1977)

nearly parallel to the load axis and the direction of shear flow 12. Olson. G.B., in Deformation, Processing, and Structure,
pp. 391-424, ed. G. Krauss, ASM, Metals Park. OH

on primary systems. A second example involves two kinds of (1984)
facets, one parallel to the load axis and one with step-like 13. Adler, P.H., G.B. Olson, and W.S. Owen, Met. Trans. A,
fracture surfaces nearly perpendicular to the load axis and 17A. 1725-1737 (1986)
direction of shear flow. The fracture features of the second 14. Hutchinson, J.W.. Scr. Met., 18, 421-422 (1984)
example are dependent upon the thickness of bands of twinned 15. Clifton, R.J., J. Duffy, K.A. Hartley, and T. G. Shawki, Scr.
and slipped material. Similar cases of cleavage-like brittle Met., 18, 443-448 (1984)
fracture behavior are also shown together in the SEM 16. Rogers, H.C. in Deformation, Processing, and Structure, b

micrograph of Figure 13. Microcrack growth, like plastic p. 425, ed. G. Krauss, Metals Park Ohio (1984)
deformation, was often limited by crystallographic 17. McElroy, R.J. and Z.C. Sckopiak, Int. Met. Rev., 17,
deformationiaotien. 175-202 (1972)
incompatibilities. 18. Thompson, A.W., Met. Trans.A, 8A, 833-842 (1977)

Surfaces in the fracture initiation region exhibit only 19. Nishiyama. Z., M. Oka, and H. Nakagawa, Trans. JIM.,
limited amounts of microvoid growth and coalescence [6,471. 6, 88-92 (1962)
This is consistent with low fracture ductility. Boundaries of 20. Dastur, Y.N. and W.C. Leslie, Met. Trans. A, 12A, 749-
twinned material appear to influence the mechanisms of both 759 (1981)
ductile and cleavage-like fracture. 21. Rdmy, L., Met. Trans. A, 12A, 387-407 (1981)

Unlike fracture initiation, the fracture surfaces and 22. Kandarpa, V. and J.W. Spretnak, Trans. Met. Soc. AIME,
microvoids formed during final fracture are mainly 245, 1439-1442 (1969)
transgranular, mostly unrelated to crystallographic systems or 23. Morris, J.W. Jr. and E.N.C. Dalder, J. Met., Oct., 24-33

grain boundaries. 2 (1985)
24. Cahn, J.W., Acta Met., 25, 1021-1026 (1977)
25. Kim, Y.G., J.M. Han, and J.S. Lee, Mat. Sci. Engr. A.

Conclusions Al14, 51-59.(1989)
26. Cullity, B.D, Elements of X-Ray Diffraction, p. 508, 2nd

TMT and strain in tension can strengthen solution treated ed., Addison-Wesley, Reading, MA (1978)
16-18 HRC Hadfield steel to 56-57 HRC without plastic flow 27. Subramanyam, D.K. , G.W. Grube, and H.J. Chapin,
instability or fracture. Mechanical twinning occurs up to Metallography and Microstructure, Metals Handbook.
454 OC. Mechanical property trends show TMT may be more Vol. 9, pp. 237-241, ASM, ninth ed. Metals Park. Ohio
beneficial in maintaining toughness and ductility than cold (1985)

28. Mori, T. and H. Fujita, Trans. JIM, 18, 17-24 (1977)
work to an equivalent hardness. 29. Blewitt. T.H., R.R. Coltman, and J.K. Redman, J. Api.

Phys., 28, 651-660 (1957)
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